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Introduction 
This report provides a summary of progress to date on NSF Grant Number CBT-8722281, 
"Crystal Purity, Habit, and Size Distribution from Batch Crystallization." The effective award 
date was January 1, 1988 but the project was not established until February 8, 1988. 
Among the objectives of the research supported by this grant is elucidation of the factors 
that determine the purity of crystals obtained in the separation and purification of high-value 
chemicals. The initial model compounds selected for study are the commercially important 
amino acids L-isoleucine, L-leucine, and L-valine. The research focuses on batch crystallization 
because most of the processing utilized in specialty-chemical production involves such units 
and because most earlier research was on continuous crystallizers used in the production of 
commodity chemicals. Processing improvements resulting from this research will contribute 
to enhanced product quality and process reliability. 
Personnel 
Mr. Timothy Gambrel, a graduate student in the School of Chemical Engineering, joined 
the research group at the beginning of the project and has been responsible for much of the 
experimental work described below. Ms. Cynthia Moody, a chemical engineering undergrad-
uate, assisted in the laboratory during Summer Quarter 1988. Ms. Susan Caudle and Mr. 
Herve Charmolue have joined the research group effective Winter Quarter 1989. 
Experimental Equipment 
A major portion of the research project requires determination of the effects of process 
variables on the purity of recovered crystals. Three experimental batch crystallizers have 
been constructed. These are well-stirred vessels made of glass and jacketed for temperature 
control. Each is to be operated so as to generate supersaturation in a mode different from 
the other two units; cooling, acid addition, and evaporation are the modes of generating 
supersaturation that are to be studied. Most of the research performed to date has utilized 
cooling to provide the driving force for crystallization. 
The objectives of the research required solubility data on the systems of interest and an 
accurate analysis of the composition of recovered crystals and mother liquor. Procedures have 
been developed for these measurements: 
1 
• Solubility. Determination of solubility data requires measurement of the concentration 
of the crystallizing species in a solution that is in equilibrium with crystals. A number 
of procedures could be used for such measurements, but most are lengthy or of insuf-
ficient precision. Using funds from the grant, a densitometer was purchased and set 
up for performing such measurements. An example calibration curve of density versus 
L-isoleucine concentration which was obtained with this instrument is shown in Figure 
1. Precision of the instrument is to the sixth decimal place, but such accuracy requires 
that the temperature of the sample be maintained constant to ±0.01 °C. 
• Compositional Analysis. The effects of a number of process variables on crystal purity 
are to be determined. Compositional analysis of solutions and crystals is to be deter-
mined by utilizing high-performance liquid chromatography (HPLC) using a pre-column 
OPA derivatization method. 
Summary of Experimental Observations 
As indicated earlier, the results to date have been obtained by study of a model system 
consisting of three amino acids: L-isoleucine, L-leucine, and L-valine. 
Solubility of L-Isoleucine 
The solubility of L-isoleucine depends on pH and, in the present work, solubilities were 
determined near the isoelectric point. These data are to be used in the analysis of the crys-
tallization of L-isoleucine in neutral form. (At low pH, L-isoleucine crystallizes in an acid 
form.) Figure 2 shows experimentally determined solubilities using two methods for bringing 
the two-phase system to equilibrium. In one, a slurry consisting of an excess quantity of L-
isoleucine crystals is heated to a specified temperature and maintained at this temperature for 
18-20 hours. In the second procedure, the slurry was heated first to a temperature 10 to 20 
°C above the desired equilibrium value; it was then allowed to cool to the desired temperature 
where it was maintained for 18-20 hours. Solubilities were similar regardless of the procedure 
for achieving equilibrium. 
Purity of L-Isoleucine Crystals 
L-valine and L-leucine are common impurities found in the fermentation broth from which 
L-isoleucine is recovered. Several series of experiments were performed to investigate the 
purity of L-isoleucine when it was crystallized from a neutral solution containing L-valine and 
2 
Figure 1: Calibration Curve: Solution Density vs. Concentration of L-Isoleucine at °C 
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Figure 2: Solubility of Neutral L-lsoleucine 
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L-leucine. Some of the experimental variables investigated early in the study include initial 
concentration of the impurity in the solution, crystal washing, and agitation in the crystallizer. 
For the purposes of illustrating the nature of the experimental work being done under this 
grant, only a summary of the results examining initial solution concentration will be described. 
In following the discussion it is helpful to use a term that reflects the tendency of an 
impurity to partition between recovered crystals and residual solution. A partition coefficient, 
Pi, is defined here for that purpose as follows: 
P.• - R;,C'l/ t -
R;,aol 
(1) 
where R;,crv is the ratio of moles of impurity i to moles of L-isoleucine in the recovered crystal 
and R.;,.0 , is the ratio of moles of impurity i to moles of L-isoleucine in the solution from which 
L-isoleucine is crystallized. 
A series of experiments were performed in which all conditions and procedures were main-
tained constant from experiment to experiment except for the concentrations of the impurities 
L-leucine and L-valine. Recovered L-isoleucine crystals were washed and analyzed with the 
results shown in Figures 3 and 4. These figures show several important features. First, it 
is apparent that the processing conditions had little detectable influence on the partitioning 
of L-valine; either the concentration of valine had no effect on the amount of valine in the 
recovered crystals or the detection limits of the analytical procedures were exceeded by ex-
tremely low concentrations of valine in the crystals. Second, L-leucine partitions differently 
depending on the concentration in solution. As expected, the amount of L-leucine found in the 
recovered crystals increased with an increase in solution concentration over both composition 
ranges covered by Figures 3 and 4. Importantly for the process of purification, Pze.u is less than 
1 for the composition range covered by Figure 3. This means that leucine is preferentially 
excluded from the isoleucine crystals. Figure 4 shows quite different behavior, however; the 
partition coefficient actually becomes greater than 1 as L-leucine concentration in solution 
becomes less than about 0.0025 mol L-leucine per mol of L-isoleucine. These results show 
that L-leucine would prefer be in the crystalline phase when the solution concentration is low. 
The implications of these results raise significant concerns regarding the suitability of simple 
crystallization as a means for purifying L-isoleucine from solutions containing trace quantities 
of impurities. 
Budgetary Status 
Expenditures for the first year of this project have matched with the estimated budget 
except in the area of graduate student support. Only one student was supported during the 
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forward into the second year so that support for three students will be available. This will 
allow completion of the work by Mr. Timothy Gambrel, continued support for Mr. Herve 
Charmolue, and the addition of two new graduate students to the research effort. Accordingly, 
full funding in the amount of $67 ,050 is requested for the second year of this grant. 
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This report provides a summary of progress to date on NSF Grant Number CBT-8722281, 
"Crystal Purity, Habit, and Size Distribution from Batch Crystallization." Among the ob-
jectives of the research supported by this grant is elucidation of the factors that determine 
the purity of crystals obtained in the separation and purification of high-value chemicals. 
The initial model compounds selected for study are the commercially important amino acids 
L-isoleucine, L-leucine, and L-valine. Additionally, research has been initiated on L-serine, 
specifically focused on solvent uptake during crystallization. 
The research examines batch crystallization because most of the processing utilized in 
specialty-chemical production involves such units and because most earlier research was on 
continuous crystallizers used in the production of commodity chemicals. Processing improve-
ments resulting from this research will contribute to enhanced product quality and process 
reliability. 
Personnel 
Mr. Timothy Gambrel, a graduate student in the School of Chemical Engineering, joined 
the research group at the beginning of the project and has been responsible for much of 
the experimental work involving L-isoleucine. Mr. Gambrel received his M.S. degree in 
June 1989 and is now employed by The Dow Chemical Company. Ms. Cynthia Moody, 
a chemical engineering undergraduate, assisted in the laboratory during Summer Quarter 
1988. The Ph.D. research of Mr. Paul Wang was to focus on the use of supercritical solvents 
to obtain highly pure crystalline materials. Although he spent much of 1989 constructing 
an apparatus and carrying out preliminary experiments, personal (nonacademic) reasons 
have forced Mr. Wang to forego completion of his work. Mr. Herve Charmolue joined the 
research group Winter Quarter 1989 and has been working with L-serine crystallization. Ms. 
Marena Gatewood is a new graduate student who will join the research group effective Winter 
Quarter 1990. Dr. Clifford Tai, a chemical engineering faculty member from National Taiwan 
University, was a visiting scientist at Georgia Tech during part of 1989 and contributed to 
the research effort in crystallization. 
1 
Experimental Equipment 
A major portion of the research project requires determination of the effects of process 
variables on the purity of recovered crystals. Three experimental batch crystallizers have 
been constructed. These are well-stirred vessels made of glass and jacketed for temperature 
control. Each is to be operated so as to generate supersaturation in a. mode different from 
the other two units; cooling, acid or nonsolvent addition, and evaporation are the modes 
of generating supersaturation that are to be studied. Most of the research on L-isoleucine 
utilized cooling or acid addition to provide the driving force for crystallization, while the 
work on L-serine examined the addition of a nonsolvent, methanol. 
A second area of investigation that was opened during the past year is the utilization of 
supercritical solvents to produce highly pure, tailored crystalline products. A high-pressure 
apparatus was constructed and several preliminary experiments conducted. 
Summary of Research Accomplishments. 
As indicated earlier, the results to date have been obtained by study of model systems 
consisting of amino acids. 
Solubility Studies 
The solubility of L-isoleucine depends on pH and temperature. A manuscript (R. C. Zumstein 
and R. W. Rousseau, "Solubility of L- Isoleucine in and Recovery of L-Isoleucine from Neutral 
and Acidic Aqueous Solutions," Industrial & Engineering Chemistry Research, 28, 1226-
1231 (1989)) which is based partially on work performed as part of the present study is 
attached. Solubilities of L-serine in aqueous ethanol solutions have also been determined 
and are reported in the attached progress report from Mr. Charmolue. 
Purity of L-Isoleucine Crystals 
L-valine and L-leucine are common impurities found in the fermentation broth from which 
L-isoleucine is recovered. Several series of experiments were performed to investigate the 
purity of L-isoleucine when it was crystallized from a. neutral solution containing L-valine 
2 
and L-leucine. Some of the experimental variables investigated include initial concentration 
of the impurity in the solution, crystal washing, and agitation in the crystallizer. 
In following the discussion it is helpful to use a term that reflects the tendency of an im-
purity to partition between recovered crystals and residual solution. A partition coefficient, 
Pi, is defined here for that purpose as follows: 
D. - R.;,cry r,,.-
R;,.sol 
(1) 
where R;,cry is the ratio of moles of impurity i to moles of L-isoleucine in the recovered 
crystal and R;,aol is the ratio of moles of impurity i to moles of L-isoleucine in the solution 
from which L-isoleucine is crystallized. 
Experiments have shown that Pi can be considered a constant except at values of R.;,sol 
between 0.01 and 0.08 mol/mol of L-isoleucine. At R;,,,0 1 in the range of 0.001 to 0.006 Pi is 
constant but different from the value at the higher solution concentrations of impurities. In 
fact, in the lower range of R;,sol, Pi was observed to be greater than one. 
Several presentations, either partially or completely based on research from the present 
work, have been given at professional society meetings, universities, and industrial research 
laboratories. These are listed below: 
• "Use of Crystallization for Recovery and Purification of L-Isoleucine and Other Bio-
logically Produced Materials," Department of Chemical Engineering, Louisiana State 
University, Baton Rouge, LA, March 1988. 
• "Crystallization for Separation and Purification," Dow Chemical Company, Midland, 
MI, March 1988. 
• "Relating Crystal Properties to Crystallizer Operation," Ajinomoto USA, Raleigh, NC, 
September 1988. 
• "Removal of Trace Impurities by Crystallization," AIChE Annual Meeting, Washing-
ton, DC, November 1988. 
• "Crystallization Processes for Recovery and Purification of High-Value Chemicals," 
Department of Chemical Engineering, Auburn University, Auburn, AL, January 1989. 
• "Crystallization Processes for Recovery a.nd Purification of High-Value Chemicals," 
Department of Chemical Engineering, University of New Mexico, Albuquerque, NM, 
J a.n uary 1989. 
3 
• "Crystallization Processes for Recovery and Purification of High-Value Chemicals," 
Department of Chemical Engineering, Texas A&M University, College Station, TX, 
February 1989. 
• "Use of Crystallization for Separation and Purification, Or ..... What's New in Crystal-
lization," Separations Symposium, E. I. DuPont, Wilmington, DE, April 1989. 
• "Separation and Purification of Amino Acids by Crystallization," Engineering Foun-
dation Conferences, Davos, Switzerland, May 1989. 
• "Principles of Batch Crystallization," General Electric Specialty Chemicals, Morgan-
town, WV, July 1989. 
• "Yield and Purity of L-Isoleucine Recovered by Crystallization," Ajinomoto Co., Inc., 
Technology and Engineering Center, Central Research Laboratories, Kawasaki, Japan, 
August 1989. 
• "Separation and Purification by Crystallization," Department of Chemical Engineer-
ing, Purdue University, West Lafayette, IN, October 1989. 
• "The Effects of Crystallizer Operating Variables on Crystal Purity," AIChE Annual 
Meeting, San Francisco, CA, November 1989. 
• "Purification of Amino Acids by Batch Crystallization," The 1989 International Chem-
ical Congress of Pacific Basin Societies (PACIFICHEM '89), Honolulu, HI, December 
1989. 
A manuscript based on the research will be submitted for publication shortly. 
Budgetary Status 
Expenditures for the first two years of this project have matched with the estimated budget 
except in the area of graduate student support. It is recommended that these funds can be 
carried forward so that support for three students will be available. Accordingly, full funding 
in the a.mount of $67,396 is requested for the third yea.r of this grant. 
4 
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From the experimental data, it was found that the ad-
sorptive capacities of the regenerated activated carbon for 
benzene and toluene after many cycles were still close to 
those of the virgin carbon and remained stable. The effects 
of temperature, pressure, and flow rate on regeneration 
efficiency were also studied. At higher pressures the re-
generation was found to be more favorable. But as the 
temperature effect is concerned, an optimal temperature 
was observed when the pressure was above 100 atm. Be-
cause of the regeneration efficiency varied with the flow 
rate, the interphase mass-transfer resistance may play an 
important role under supercritical operations. A mathe-
matic model, assuming the regeneration rate depended on 
both the benzene and toluene concentrations on activated 
carbon, was proposed in this study, which was found to 
agree well with the experimental data. 
The adsorption rates of benzene and toluene on the 
activated carbon regenerated by the supercritical fluid 
method and the steam method using saturated and su-
perheated steams were also compared in this study. It was 
observed that the supercritical fluid method offered a 
better regeneration efficiency than the steam method. 
Acknowledgment 
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Nomenclature 
C8 , CT = concentration of benzene and toluene, respectively, 
mol/cm3 
k8 , kT = desorption rate constants, cm3 / (s•mol) 
S8 , ST • loaded benzene and toluene on activated carbon, 
respectively, mol/cm3 
S8 ,o, ST /J = initially loaded benzene and toluene on activated 
carbon, respectively, mol/cm3 
T = temperature, K 
t •time, a 
z • axial position in the column, cm 
Greek Symbols 
f • void fraction in the packed column 
" = viscosity' c/ (cm•a) 
p •density, g/cm3 
Regi1try No. C, 7.W0-4+0; C02, 124-38-9; benzene, 71-'3-2; 
toluene, 108-88-3. 
Literature Cited 
DeFilippi, R. P.; Krukonis, V. J.; Robey, R. J.; Modell, M. Super-
critical Fluid Regeneration of Activated Carbon for Adsorption cl 
Pesticides. Report. 1980; EPA. W aahington. DC. 
Kander, R. G.; P1ulaitia, M. E. In Chemical EflliMerifll and Su· 
percritical Condition.a; Penninger. J.M. L., Gray, R. D •• Davidaon. 
P., Eda.; Ann Arbor Science: Ann Arbon, MI, 1983; p 461. 
Ng. H. J.; Robinson, J. J. Chem. E,,.,. Data 1978, 23, 325. 
Ruthven, 0. M. Principles of Adsorption & Adsorption Procenes; 
Wiley: New York, 1984. 
Sebastian. H. M.; Simnick, J. J.; Lin, H. M.; Chao, K. C. J. Chem. 
Eng. Data 1980, 25, 246. 
Smiaek, M.; Cerney, S. Active Carbon; Elsevier: New York, 1970. 
Sutikno, T.; Himmelatein, K. J. Ind. Eng. Chem. Fundam. 1983, 22. 
420. 
Tan, C. S.; Liou, D. C. Ind. Eng. Chem. Res. 1988&, 27, 988. 
Tan, C. S.; Liou, D. C. Sep. Sci. Techraol. 1989, 24, 111. 
Received for review September 26, 1988 
Revised manuscript received April 11, 1989 
Accepted May. l, 1989 
Solubility of L-lsoleucine in and Recovery of L-lsoleucine from Neutral 
and Acidic Aqueous Solutions 
Ronald C. Zumstein t 
Department of Chemical Eniineerini, North Carolina State UniCHrnity, Ralei1h, North Carolina 27695-7905 
Ronald W. Rousseau• 
School of Chemical Eniineerini. Georgia /n.stitute of Technololy, Atlanta, Geor1ia 30332·0100 
Recovery and purification of L-isoleucine from fermentation media include several crystallization-
recrystallization steps. Solubilities, which were found to be different from those reported by earlier 
workers, are the ref ore important in designing these steps and in analyzing crystallizer performance. 
The effect of temperature on the solubility of L·Ile at the iaoelectric point was determined, as was 
the influence of pH as adjusted by the addition of HCL Increasing the acid content until there was 
approximately 1 mol of HCI/mol of L·Ile raised the solubility of L·Ile to a maximum value. Sub-
sequent addition of chloride ions, whether added with more HCI or with inorganic: salts, decreased 
the solubility. 
Solubility data for many amino acids in aqueoua solu-
tion& consist of measurements ta.ken when isolation and 
detection methods were crude (Greenstein and Winitz, 
1961). Isolation was difficult because amino acid prepa· 
ration involved either chemical synthesis, which resulted 
in racemic mixtures, or protein hydrolysis, which often 
resulted in a mixture of aeveral amino acids. Complete 
resolution of racemic mixtures was difficult, aa waa the 
'Current addreu: Ethyl Corporation, P.O. Bos 341, Baton 
Rouge, LA 70821. 
•To whom correspondence abould be addreued. 
eeparation of a specific amino acid from a mixture ol 
Mveral other amino acids. The determination of purity 
was based partially on optical rotation measurements. 
which could be indeciaive in thia respect. More recently, 
biosyntheais methods have been found that produce 
iaomerically pure compounds (Meister, 1965). Also. 
chromatographic t.ecbniques have been developed that give 
an accurate determination of amino acid purity (Pfeifer 
et al., 1983). 
trlaoleucine (L-Ile) ii an eumple of the above situation. 
It is one of the essential amino acids that has been com-
mercially produced by fermentation (Shimura, 1972). 











Crystallization of the neutral form, L-Ile, and the hydro-
chloric acid salt L-lle·HCl·H20 are important in the iso-
lation and recovery from fermentation broths. The mo-
tivation for the present work came from the need t.o know 
solubilities in order to study methods for improving the 
yield of product from the crystallization processes and t.o 
ha\•e an accurate measure of supersaturation, the ther-
modynamic driving force for crystallization. The solubility 
of L-Ile in water had been reported by Dalt.on and Schmidt 
(1935). Their data were checked, and then the solubility 
of L-Ile in the presence of hydrochloric acid (HCl) was 
investigated. In addition, the recovery of L-Ile by pre-
cipitatin of L·Ile·HCl·H20 was examined using various 
aources of chloride ion as precipitants. 
Experimental Section 
Analysis of the L·Ile used in the present experiments 
gave an L·Ile assay of 99.80/o with 0.180/o other amino acids. 
The specific rotation, [a]o26, of a dried sample in 6 N HCl 
was +40.8°. This material was used without any further 
purification. Deionized water was used in all experiments. 
ACS-grade sodium chloride (NaCl), potassium chloride 
(KCI), and ammonium chloride (NH4Cl) and 37 wt o/o HCI 
were used for all preparations. 
The solubility data for L-Ile in water were obtained over 
the temperature range 15-70 °C by agitating slurries of 
deionized water and an excess of L-Ile crystals. These 
slunies were heated 10-20 °C above the desired equilib-
rium temperature, cooled to the desired temperature, and 
allowed to equilibrate. After 24 h, liquor samples were 
recovered by filtering the slunies through 0.45-µm filter 
paper, and the L-Ile contents of these were determined. 
Several tests were conducted to ensure that 24 h was 
enough time for the suspensions to come t.o equilibrium. 
These tests showed that there was no measurable change 
in concentration of the samples after 18 h of agitation at 
a constant temperature. 
Solubilities were also obtained for HCl concentrations 
up to 30 wt o/o at 25.0 * 0.1 °C. The experimental pro-
cedure entailed adding various amounts of 37 wt 3 HCl 
t.o slurries of L-Ile in deionized water. Mixtures were 
heated to 60 °C and agitated until all L-Ile was dissolved. 
The solution was then cooled t.o 25.0 °C and allowed to 
equilibrate. If no crystals were present. more L-Ile was 
added, and the dissolution and cooling cycle were repeated. 
After 24 h, liquor was recovered by flltration of the slurries 
through 0.45-µm filter paper and analyzed for L-lle. 
The effect of several chloride ion &alts on the solubility 
of L-Ile in an aqueous HCl solution was also eumined at 
25.0 * 0.1 °C. In these experiments, various known 
amounts of NaCl, KCl, or NH4Cl were added t.o a weighed 
amount of an aqueous solution of 30 wt o/o L-Ile and 8.5 
wt o/o HCL The contents were heated t.o 80 °C and allowed 
to dissolve completely. The mixture was then slowly cooled 
to 25.0 °C and allowed t.o equilibrate. Liquor and crystal 
umples of the equilibrated slurries were recovered for 
analysis. 
All esperimenta were conducted in a 600-mL jacketed 
glass beaker. The temperature was controlled within :f:0.05 
•c by circulating water from a constant-temperature bath 
through the jacket of the beaker. The beaker was equipped 
with three Plexiglas baffles to aid agitation and a cover 
to minimize evaporation of solvent. A mechanical stirrer 
provided vigorous agitation. Liquor samples were obtained 
by filtering the equilibrated aluniea through 0.45-,im 
glass-fiber filter papers. The recovered crystals were 
washed with acetone and allowed to dry. pH measure· 
ments were made with a Ag/ Agel combination electrode. 
Liquor densities were determined by weighing pipetted 
Ind. Eng. Chem. Res., Vol. 28, No. 8, 1989 1227 
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Fi1ure I. Solubility of 1.-iloleucine in water. 
liquor volumes of 100.00 ~ 0.05 mL. L·Ile concentrations 
were determined by gravimetric analysis when HCI was 
absent from the suspension. High-performance liquid 
chromatography (HPLC) was used to determine L-Ile 
content when HCI or salts had been added to the slurry. 
An automated precolumn derivatization technique with 
o-phthaladehyde (OPA), as outlined by Pfeifer et al. (1983), 
was utilized for the HPLC. Details of this procedure are 
given by Zumstein (1987). HCI concentrations were de-
tennined by conventional acid-base titration (1987). Salt 
concentrations were based on known weights of compo-
nents assuming that all added salt was contained in the 
liquor. However, NH4Cl concentrations were checked with 
a Kjeldahl method (Skoog and West, 1980). 
Result• and Di1cuB1ion 
Solubility of L-lle in H20. The solubility data of L-Ile 
in water determined in the present work are shown in 
Figure 1, along with the data reported by Dalton and 
Schmidt (1935). All data have been tabulated by Zumstein 
(1987). Solubilities are reported in terms of grams of 
Ile/ 100 g of H 20. Note that the solubilities given by 
Dalton and Schmidt are as much as 15% greater than 
thoae reported in this work. One possible reason for this 
significant deviation could be the purity of the L-Ile. 
Dalton and Schmidt reported a value of +36.3° for the 
optical activity, [a)260t of L-Ile in 6 N HCl in their work; 
on the other hand, a value of +40.8° was found for L-Ile 
used in the present work. Greenstein and Winitz (1961) 
report that the value for the optical activity of L-Ile in 6 
N HCI is +40°. Dalton and Schmidt gave no other indi-
cation of the purity or source of material used in their 
work. It is believed that there were impurities in the 
matBial used by Dalt.on and Schmidt. causinc the low· 
value optical activity and the higher solubilities they re-
ported. 
Saereoiaomers of iaoleucine or other amino acids are the 
molt likely impurities in the material used by Dalton and 
Schmidt. Because iaoleucine has two optically active 
center&, four atereoisomen ezist: L. D, L-allo, and o-allo. 
The L and L-allo as well u D and o-allo forms are referred 
to • diastereomers and typically have different physical 
properties. Mixtures of stereoisomers have been found to 
have solubilities that are dif!erent from those of the 
iaomerically pure materials. The effect of the diastereo- ~'<! 
men on the solubility of L-De is uncertain, but Dalton and 
Schmidt (1933) reported a much lower solubility for a 
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Ficure 2. Solubility of L·iaoleucine in aqueous HCI eolutiona. 
racemic mix:tw-e of o and L forms of isoleucine. These data 
are also shown in Figure 1. Dunn et al. (1933) confirmed 
these solubilities for the D-L mixture. 
Although the presence of D-Ile as the only impurity 
cannot explain the higher solubilities of L·Ile reported by 
Dalton and Schmidt (1935), it is an interesting observation. 
It is typical for a mixture of stereoisomers to exhibit a 
different solubility from either of the single isomeric forms, 
even though o and L isomers have identical physical 
properties. This has been related to forces holding the 
molecules together in the solid state (Greenstein and 
Winitz, 1961). On crystallization from racemic mixtures, 
crystals different from those of the single.isomer crystals 
are produced. The racemic crystal has a higher crystal 
density than the single-isomer crystals and has been as-
sociated with the lower aqueous solubility. For isoleucine, 
the density of the D-L crystal is 1.24 (Donnay and Ondik, 
1972), while that for the L form has been reported to be 
1.20 by Torii and litaka (1971). Therefore, isomers of 
iaoleucine adhere to the stated general relationship be-
tween crystal density and aqueous solubility. 
The dependence of L-Ile solubility on temperature may 
be expressed by the equation 
(1) 
where C, is the solubility in grams of the L-Ile/100 g of H20 
and T is temperature in °C. Regression of the data to eq 
1 gave values for the parameters alt a2, and a3 of 3.30 :f: 
0.04, --0.003 20 ::1: 0.00216, and 0.000 430 ::1: 0.000 025, re-
spectively. The correlation coefficient for the regression 
was 0.998, and the fit of eq 1 to the data is shown in Figure 
1. 
Effect or HCI OD Solubility. The aolubility of L-De 
in the presence of up to 30 wt % HCl at 25.0 °C is shown 
in Figure 2. The data are also tabulated by Zumstein 
(1987). The moat striking characteristic is that the solu· 
bility reaches a maximum at about 8.5 wt Cl. HCI and then 
1harply decreases as HCJ concentration is increased. Aa 
lhown in Figure a. the relationship between the density 
of the saturated liquor and the HCl content also emibits 
a sharp change in the region of the solubility peak. In 
order to explain this behavior, it must be recognized that 
amino acids can coexist within a solution as acid, base, or 
zwitterion forms. Each of these species contributes to the 
total aolubility of an amino acid. Only at the isoelectric 
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and there is no net charge on the amino acid. 
The solubility of the zwitterion or neutral species is 
based on an equilibrium with the zwitterion solid, 
(N•HaRCoo->. ;S N+H3RC00- (2) 
and K. = [N•H3RCOO-]/[N•H3RCOO-J, is the equilib-
rium solubility parameter that is dependent on tempera-
ture, solvent, and solute concentration. R represents the 
hydrocarbon chain that defines a specific amino acid. 
When acid (H+) is added to the solution at a pH equal to 
or less than the isoelectric point, the following equilibrium 
ia established between the neutral and acidic forms 
H+ + N•HaRCoo-~ N+H3RCOOH (3) 
where the equilibrium constant K. for the reaction is de-
fmed as 
K - [N+H3RCoo-nH·1 
• [N•H3RCOOH] 
(4) 
[N•H,Rcoo-1 and [N•H3RCOOH] represent the solution 
concentrations of neutral and acidic forms of an amino 
acid, respectively, while [H•] represents the free proton 
concentration. Equation 4 ia a constraint on the relative 
concentrations of the two species in solution. A more 
common version of this relationship is the Henderson-
Hasselbalch equation (Armstrong, 1983): 
pH• pK1 +log ([N•H3RCOO-]/[N•H3RCOOH}) (5) 
where pK1 is the apparent ionization constant for the acid 
form (2.26 for L·De). Aa acid ia added to the solution. the 
pH of the solution is lowered and the amount of acidic 
form relative to neutral form is increased. Utilizing eq 5 
and the measured values of the solubility (combined acidic 
and neutral concentrationa) and aolution pH, the magni-
tudes of the neutral and acidic forms were determined for 
acidic L-De solutions. Acid bas little effect on the neutral 
1pecies at low acid concentrationa, u shown in Figure 2. 
The total solubility of the amino acid is increased simply 
due to the increased preaence of the acid form of the amino 
acid. 
A.a the acid content of the aolution increases, greater 
concentrations of the acid form of the amino acid are 
preaent in the solution. However, there is a limit to the 
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of pH. 
solubility of this species. When HCl is added as the acid, 
the solubility of the acid form can be related to a equi-
librium established with the hydrochloric acid salt, 
(Cl--N+H3RCOOH·H20), ~ 
N+H3RCOOH + c1- + H20 (6) 
where c1-.N•HaRCOOH·H20 is the equilibrium solid phase 
and the two ions on the right-hand side of the equation 
are present in the aqueous solution. The solubility product 
K,P is related to the concentration of the two ions in so-
lution: 
(7) 
The addition of HCl to an amino acid slurry causes an 
increase in the acid species concentration simply due to 
a shift in the equilibrium given by eq 3. It also increases 
the chloride ion concentration. At the maximum in the 
solubility, there is a shift between amino acid species 
controlling the total solubility. At this point, the con· 
centration of the acid species and chloride ion are such that 
they now equal the solubility limit given by eq 7. Further 
addition of acid means that the chloride ion concentration 
is increased, thereby forcing the concentration of the acid 
form of the amino acid to be reduced. The relative con-
centrations of the neutral and acidic species are still gov-
erned by eq 3 so that a drop in the acid species concen-
tration also reduces the neutral species concentration. Kap 
ia not necessarily a const.ant at these high acid and solute 
concentrations, which can possibly account for the sharp 
drop in solubility after the peak and the apparent increase 
in the solubility at HCl concentrations greater than 20 wt 
~ HCI. 
The solubilities of amino acids in HCl solutiona have also 
been presented as a function of pH. Thia ia ahown in 
Figure 4 for pH values between the iaoelectric point (5.94) 
and 0, corresponding t.o HCI concentrations between 0 and 
8.5 wt CH,. pH values for higher HCl concentrations were 
not determined because they were out.aide the measure-
ment range of the probe (0-14). Therefore, only solubility 
data up to approximately the peak concentration are 
presented in Figure 4. 
Needham et al. (1971) have preaented data for several 
other amino acids diaplaying solubility characteristics 
aimilar to thoee ahown in Figure 4. In their study, the pH 
ranged from about 1 to 10, and they found that invariant 
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solubility bands existed over a range of 2-3 pH units on 
either side of the isoelectric point. This was referred to 
as the isoelectric band, pH values outside this band re-
sulted in an increase in solubility. Although only pH values 
below the isoelectric point have been investigated in the 
present study, the isoelectric band is also apparent for L-Ile. 
Because Needham et al. worked in the pH range between 
1 and 10, they did not report a maximum in solubility as 
was found in the present work. However, their work did 
show that the solubility relationships in acidic and basic 
solutions were approximately symmetrical. Although no 
supporting data are reported, it is expected that the sol-
ubilities of amino acids also reach a maximum upon ad-
dition of bases at pH values greater than 10. A complete 
study of the solid phase in equilibrium with the saturated 
liquors at various HCI liquor concentrations was not made. 
Only crystals from solutions with no H Cl added or with 
HCl concentrations greater than 10 wt % were analyzed. 
Crystals in suspensions "without HCI consisted of the 
anhydrous zwitterion. Crystals in the very acidic slurries 
were the hydrochloric acid salt with one water of hydration, 
L-Ile·HCl·H20. 
Salting Out L-lle--HCl·H20. Equations 6 and 7 indi-
cate that the addition of chloride ion to a saturated solu-
tion in which the acid species of an amino acid controls 
the solubility results in a decrease in solubility. This ex-
plained the maximum in L·Ile solubility as liquor HCI 
concentration was increased and was supported by de-
termining that L-Ile·HCl·H20 was the solid phase in 
equilibrium with liquors having HCl concentrations greater 
than that at which the peak solubility occurred. Experi-
ments in which NaCl, KCl, and NH4Cl were added to 
aqueous solutions of L-Ile and HCl were conducted to test 
this hypothesis. By eq 7, the solubility of L-Ile should be 
lowered and L·Ile--HCl·H20 should be precipitated re-
gardless of the source of chloride ion. This is known as 
the common ion effect on solubility. 
In these experiments, the composition of the initial so-
lution to which aalt was added was 30 wt 3 L-Ile and 8.5 
wt 3 HCl; this corresponded approximately t.o the satu· 
ration concentration at the peak solubility. Upon addition 
of the chloride aalts to the solution, there was significant 
crystallization, indicating a lowering of the solubility of 
L·Ile. Analyses of liquor and crystal samples from the 
equilibrated slurries are given by Zumstein (1987). In 
experiments where all the added salt dissolved, the re-
covered crysta.la were composed entirely of L-De-HCl·H20. 
Concentrations of up to 30 g of salt/100 g of H20 were 
found in equilibrated liquors where the salt was NaCl, KCL, 
or NH4Cl. These salts have solubilit~es in pure water of 
36.2 g/100 g of H20 for NaCl, 35.5 g/100 g of H20 for KCl, 
and 39.0 g/100 g of H 20 for NH4Cl (Mullin, 1971). 
Therefore, the solubility of the salts was not drastically 
affected by the L-Ile and HCI in the liquor. 
Crystallization ofL-Ile-HCl·H20 upon addition of chlcr 
ride aalts has conf'llmed that the solubility of L-Ile in the 
original solution ia reduced as expected from eq 7. How-
ever, to determine if the solubility ia lowered in a manner 
aimilar to that caused by the addition of HCl, liquor 
concentrations from the equilibrated salt slurries were 
compared with the solubilities in HCl solutions. In order 
to compare the L-De solubilities in the different solutions 
on a consistent basis, concentrations were expressed in 
molar quantities. Figure 5 shows the solubility data of L-Ile 
in the HCI solutions in terms of moles of L-De/100 mol of 
10lution and the equilibrium liquor concentrations from 
the salt addition experiments. Solubilities have been re-
lated to the total chloride ion concentration in the liquor 
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Figure 5. Effect of chloride ion on the solubility of 1.riloleucine. 
from both HCl and chloride salt. NaCl and HCl reduced 
the solubility of L-Ile in a similar way, but KCl and NH4Cl 
did not reduce the L-Ile solubility as much as HCl. These 
results indicate that, although eq 7 is valid for the effect 
of chloride ion on L-Ile solubility, the value of the K.., is 
dependent on the cation accompanying the chloride ion. 
Precipitation of the hydrochloric acid salt by addition 
of HCl is one means of recovering L·Ile from fermentation 
broths. This is commonly referred to as a salting-out 
process. The yield of L-Ile from this process, defined as 
the ratio of the L-Ile in the recovered crystals to the 
amount of L-Ile in the initial charge, is limited by HCl 
having to be added as an aqueous solution. Pure HCl is 
a gas at room temperature, and addition in this state would 
present special operational problems. Typically, HCI is 
available as a 37 wt % solution. The yield is limited when 
HCl is added as diluted solution because H20 is also added 
and dissolves more L-Ile. This is shown in Figure 6 for the 
addition of a 37 wt % HCl solution to an initial charge of 
100 g consisting of 30 wt % L-Ile and 8.5 wt % HCI. The 
theoretical yields were calculal-ed from material balances 
and based on the solubility data displayed in Figure 2. An 
outline of these calculations is provided by Zumstein 
(1987). The maximum yield of L-Ile from addition of 37 
wt % HCI to the initial charge is approsimately 70% and 
occurs after about 75 g of 37 wt% HCI solution is added. 
The addition of a greater amount of acid results in a net 
dissolution of L-Ile because the solubility of L-Ile is not 
lowered enough to account for the L-Ile that is dissolved 
by the added water. 
The salt addition experiments in this study showed that 
the addition of chloride ion salts also causes precipitation 
of L-Ile-HCl·H20 from this initial charge. Taking advan-
tage o( the common ion effect. chloride ion salta can be 
added as the precipitant in the proceu without the ad-
dition of water. Since water ii not added, chloride salts 
can increase the yield of the L-Ile from the process. This 
ia shown in Figure 6 for an ideal chloride aalt, which cauaes 
the reduction in the aolubility aimila:r to HCL Yields of 
L-Ile are increased to above 80~. However, u shown in 
Figure 5, the cation of the chloride salt does have eome 
effect on the reduction of the L-De solubility. Because KCl 
and NH4Cl did not reduce the 10lubility u much u HCl, 
the yields Cor the addition of these aalta were leas than the 
ideal salt. However, NaCl reduced the solubility of the 
L-Ile similar to HCl and did produce yields that were 
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C..clu1ion1 
An improved estimate for the solubility of L-Ile in water 
ii given by eq 1. Deviations from the solubilities deter-
mined by Dalton and Schmidt (1935) are thought to be 
due to unknown impurities in the material used by Dalton 
and Schmidt. The effect of HCl on the solubility of L-Ile 
ii significant and shown in Figure 2. The strong depen-
dence of the solubility on HCl concentration is due to 
ditf'erent L-Ile species controlling the solubility: at low acid 
cancentrations, the total solubility of L-Ile (aU forms) is 
cmtrolled by the zwitterion form of L-Ile; however, the 
IOlubility increases as the acid is added to the solution 
because more of the soluble acidic form of L-Ile is created. 
.A1 the peak in solubility, the solution reaches a solubility 
Jim.it for the acid form so that this species now controls 
t.be total solubility. Further addition of acid to the solution 
..Wts in salting out L-Ile-HCI·H20. Because of the com-
lllDD ion effect, the addition of chloride salts also caused 
llirailar precipitation of L-Ile-HCl·H20. However, the re-
duction in L-Ile solubility due to the addition of chloride 
iaD is dependent on the accompanying cation of the salt. 
When added to solutions at the solubility peak, NaCl re-
duces the solubility of L-Ile in a manner similar to the 
elfect of HCl; however, KCl and NH4Cl do not cause as 
mo.ch of a reduction in solubility as did HCl. Instead of 
ming aqueous solutions of HCI as a precipitant in the 
111COVery of L-Ile from fermentation broths, greater yields 
cm be achieved using NaCl as the precipitant because of 
tie absence of additional water solvent. 
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Development of New Adhesion Agents for Asphalt Cement 
Carlo Giavarini• and Gilberto Rinaldi 
Department of Chemical Engineering, Facolta di I111egn.eria, University of Roma, La. Sapienza, Roma 00184, 
Italy 
New adhesion and antistripping additives for bitumens were prepared by reacting tetraethylene-
pentamine (TEPA) with formaldehyde (CH20) or with CH20 and phenol. The additives were 
characterized both chemically and physically. Adhesion of two bitumens containing 0.2% by weight 
additive was measured by an improved stripping test and by a U-peeling test. The results showed 
very good improvement of the antistripping properties of the tested bitumens, especially after water 
immersion. Both groups of additives (i.e., TEPA-CH20 and TEPA-CH20-phenol) are suggested 
for use as adhesion agents. Owing additive formulation, basicity and distribution of JX>lar and basic 
groups play a major role, together with the capability of the additive to control the bitumen viscosity 
and consistency. 
Adhesion agents are added to asphalt cement to prevent 
binder-to-aggregate bond separation, especially in wet 
conditions. If this bond is broken, water will displace the 
bitumen film over the aggregate surface. The adhesion 
agents generally used are based on amines, especially fatty 
poJyamines, and amine derivatives such as amides, sub-
stituted imidazoline, etc. (Johnson, 1942; Blair et al., 1957; 
Kalinonaki and Crews, 1957; Gianattasio, 1971). Tertiary 
nitrogen heterocyclic material is proposed to reduce 
moisture-induced damage in asphalt-aggregate mixtures 
(Plancher and Petersen, 1982). 
The first patents of practical interest appeared in the 
1940s. Technical and scientific literature is very poor on 
thia subject. and most additive formulations are, of courae, 
ltrictly confidential. The eff ecta of ant.iatripping additives 
on the properties of asphalt cement were studied by An· 
denen et al. (1982),. who alao reviewed the literature on 
the 1ubject, and by Plancher et al. (1982) and Ensley 
(1973), who studied asphalt-aggregate interactions. 
The purpose of this work was to prepare and test ad· 
hesion qents whose properties (i.e., basicity, density, 
viscosity, and adhesion) could be modified u needed, 
depending on the type of application and bitumen. 
E:sperimental Section 
Bitumen and Acpepte Ulled in tbe Study. The 
literature indicates that water stripping resistance ia a 
Table I. Properties of the Bitumen• 
penetntion {ASTM D5), dm 
IOfteninc pt <ASTM o 36>. •c 
penetration index 
Fraa11 pt (IP 80), •c 
aphaltenes (IP 143), wt -. 








function of aggregate type and of the asphalt composition 
(Domaney, 1968; Fromm, 1974). However, for the tests, 
only one type of aggregate material was used, i.e., the 
Italian S. Fedelino granite (a silicate rock), because it is 
representative of the type of material prescribed for the 
1urface layer of uphalt cement in this country. 
In order to reduce the number of variables, most ex-
periments were carried out with a bitumen obtained from 
the Sicilian crude Vega; adhesion testa were repeated by 
uaing a bitumen obtained from Iranian heavy crude. The 
characteristics of the bitumens are ahown in Table I. 
Additive Preparation ud Characterization. Vari-
ous products were prepared by reacting, in different con-
ditions, aome polyalkylenepolya.minea with other aub-
atances; after preliminary adhesion testa, two groups of 
additives were eelected with clifrerent molecular structures: 
(A) tetraethylenepentamine (TEP A)-f ormaJdehyde de-
rivatives prepared by react.inc various a.mounts of CH20 
0888-5885/89/2628-1231$01.50/0 C 1989 American Chemical Society 
. i 
Georgia Institute of Technology 




Advisor: Dr. R. W. ROUSSEAU 
2 
TABLE OF CONTENTS 
1- Literature surveys ................................................................................... 3 
1 ... 1 on inclusions ................................................................................ 3 
1-2 on habit modification ............................................................... 5 
1 ... 3 the crystal structure of serine ........................................... 6 
2- Solubility of L-serine in water/methanol solutions ................ 9 
2-1 Experimental procedure .......................................................... 9 
2-2 Results and discussion .......................................................... 1 O 
3- Gas chromatography analysis ............................................................ 15 
3-1 Experimental procedure ........................................................ 15 
3-2 Typical chromatograms and calibration ........................ 15 
4- Habit of L-serine crystals .................................................................. 18 
4-1 Case of DL-serine .................................................................... 18 
4-2 Discussion ................................................................................... 19 
5- Future work ............................................................................................... 20 
Literature cited ............................................................................................. 21 
1- LITERATURE SURVEYS 
The purpose of this chapter is to review the· work done on 
inclusion phenomena and habit modification during crystallization. 
The first part of each section deals with some general background on 
the topic of interest, while the second part focuses on previous 
studies and recent developments made in this area. The structure of 
serine crystals is given at the end of the chapter. 
1-1 Literature survey on inclusions 
The term "inclusion" denotes any foreign matter-either in a 
gaseous, liquid or solid form-enclosed within a crystal. The term 
"occlusion" generally applies to the adhesion of a fluid to the crystal 
surfaces or to the trapping of solvent between agglomerated 
crystals. Wilcox (1968) provides extensive reviews of inclusion 
phenomena. Various terms are used to describe inclusions. These 
include negative crystals, veils, phantoms, clouds, bubbles ... 
Generally, a distinction is made between primary inclusions 
(occurring during crystal growth) and secondary inclusions 
( occurring after crystal growth). 
Primary inclusions. The process begins with a depression in 
the surface. The depression can result from the presence of a foreign 
body (either a bubble, a pocket of immiscible liquid or a solid 
particle) which, by blocking the solution from the crystal, initiates 
an inclusion. However, the depression can also arise from a variation 
in supersaturation along the crystal surface. The solution near the 
edges of a crystal appears to be more supersaturated than at the 
center because of diffusion along the surface. Therefore, the edges 
grow faster leading to a depression in the center of the face. As the 
growth rate is increased, the depth of the depression increases and 
the growth in the extreme case becomes dentritic. Later on, the 
cavity can be closed over if the growth rate slows down and the 
surface becomes increasingly more planar. 
Secondary inclusions. The most likely process for the 
formation of an inclusion after crystal growth is by precipitation. 
An impurity present in concentrations exceeding its solid solubility, 
may precipitate giving rise to the simultaneous presence of 
different phases. Other phenomena which occur after growth do not 
create new inclusions, but rather modify the shape of existing 
inclusions. Among these are thermal constraints, minimization of 
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the surface energy between inclusion and crystal, and coalescence of 
nearly touching inclusions. 
The presence of pockets of solvent trapped as a second phase 
in crystals is widely reported in the literature (Belyustin and 
Fridman, 1966, Brooks et al., 1968). It has been recognized that the 
destabilization of the interface between the crystal face and the 
supersaturated solution is mainly responsible for inclusion 
formation. Chernov (1963, 1964) developed a simple criterion for 
crystal face stability. Denbigh and White (1966) suggested that the 
interface can only be stable in the presence of a finite interfacial 
temperature gradient. They pointed out the existence of a critical 
size for the crystals and a critical growth rate below which 
inclusion does not form. Reid et al. (1970) observed that the 
formation of inclusions increases with increasing crystal growth 
rate and decreases with increasing interfacial temperature gradient. 
Brice and Burton (1974) showed that interfacial kinetics could 
produce a stabilizing effect on the interface which would decrease 
with increasing crystal growth rate. Mullin and Jancic (1979) 
studied the effects of . impurities on stability of the crystal 
interface. Edie and Kirwan (1973) derived a relationship between 
process parameters during crystallization and system physical 
properties to predict solution trapping. A modified form of this 
relationship was proposed by Myerson and Kirwan (1977). They were 
able to correlate experimental data using a computer simulation. 
Hiquily, Laguerie and Coudert (1985) observed the influence of 
process variables such as cooling rate and agitation rate on the size 
and moisture due to inclusion of ammonium perchlorate crystals. 
They also found that a surfactant (sodium dodecyl sulfate) reduced 
the crystals size and their moisture. 
Inclusions are undesirable. They are a source of troubles in 
crystallization. Physical properties of crystals can drastically be 
degraded by the presence of inclusions. For example, in micro-
electronic applications they cause light scattering, strain defects 
and semiconductor junctions shorting. They also contribute to caking 
problems by seepage of the liquid out of stored crystals. The 
inclusions may even contained more impurities than the mother 
liquor because of impurities rejection during growth. 
Several techniques have been proposed to remove inclusions 
from crystals. It has been observed that the presence of ionic 
impurities (Pb2+, Ni2+ ... ) could prevent the formation of inclusions. 
Ultrasonic vibrations during crystallization have been tried but with 
limited success. Heating near of the boiling point of an included 
solvent often failed to remove it from the crystal. Moreover, heating 
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causes cracking or complete breakage of the crystal. Even heating to 
decrepitation does not guarantee the destruction of all the 
inclusions. An alternative solution is the use of a temperature 
gradient to move the inclusions through the crystals (Wilcox, 1968). 
Since the solubility is temperature dependent, crystalline material 
dissolves on the high-solubility side of the inclusion and 
crystallizes out on the low-solubility side. This technique is only 
feasible for large crystals. 
1-2 Literature survey on habit modification 
The habit of a crystal is defined as its external shape, 
resulting from different rates of growth of the faces (Mullin, 1972). 
Even though belonging to the same crystal system (tetragonal, 
orthorhombric or hexagonal for example), crystals of a given 
substance obtained under various conditions may exhibit completely 
different appearance. A crystallization method may favor the 
formation of needles (acicular habit) while another may give a 
tabular habit (plates). In any cases, the habit is the consequence of 
the relative growth rates of the faces of the crystals: the smaller 
the growth rate, the more extensive the development of the face. 
This is schematically represented in Figure 1-1. The faces of lowest 
growth rates develop at the expense of the faces of greatest growth 
rates. 
Figure 1-1: Schematic representation 
of a habit change 
The habit of a crystal can be affected by numerous factors. 
Theorically, any agent affecting the surface activity of a crystal 
could be listed as one of these factors. The degree of 
supersaturation, the pH of the solution, the type of solvent, the 
presence of impurities, the rate of agitation, the temperature of 
crystallization are some examples among these factors. Mullin 
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(1972) has listed the major parameters affecting crystal habit. 
There are in the literature numerous references to habit 
modification, but many of these are qualitative. Boistelle and Astier 
(1988) have studied the effect 'Of supersaturation on the habit of 
barbey B-amylase crystals. Black and Davey (1988) explained the 
habit changes caused by a number of amino acids on crystals of L-
asparag ine in terms of surface structure. Michaels and Colville 
(1960) used face growth rate measurements to predict crystal habit. 
Zumstein and Rousseau (1989) observed the influence of the type and 
amount of surfactant on habit and size of L-isoleucine crystals. 
Addadi et al. (1982) have pioneered a structural approach to habit 
modification of organic crystals. 
In spite of the availability of extensive experimental data, the 
mechanism of crystal habit modification has not been established. 
There are many views on the nature of this mechanism. Some 
investigators believe that considerable changes in the composition 
and properties of the solution surrounding the crystal are 
responsible for habit modification. Another group of investigators 
attributes habit modification to surfactant effect,. which alters the 
surface energy of crystal faces. A third group of researchers 
assumes that an impurity afters the crystal habit when its structure 
is related in a certain way with the structure of the crystallizing 
substance. It has also been suggested that the influence of 
impurities on the crystal habit is due to their selective adsorption 
on crystal faces. 
In conclusion, we may say that the crystal habit depends on 
internal factors (such as structure and bonds) and on external 
factors (such as crystallization conditions and solution 
composition). In all the cases, there must be a change in the surface 
activity of the crystal faces for an habit modification to occur. This 
change may result from chemical bonding or physical adsorption. 
1-3 The crystal structure of serine 
The crystal structure of DL-serine has been determined by 
Albrecht et al. (1943) and Shoemaker et al. (1953). They found that 
the crystal lattice belongs to the monoclinic space group. The unit 
cell contains four molecules of serine and has the following values 
for the lattice constants: 
a0=10.72 A, bo=9.14 A, c0=4.825 A, B=106°27' 
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The general configuration of a molecule with interatomic 
distances is indicated in Figure 1-2. The molecular distribution 
within the crystal is illustrated in Figure 1-3. As is usual in amino 
acid crystals, the molecules are tied together through a system of 
hydrogen bonds. Each amino nitrogen has three of these, two to 
carboxyl oxygen and one to hydroxyl oxygen. The N-0 (carboxyl) 
hydrogen bonds link the molecules together into sheets parallel to 
{01 O} (or b-face); the N-0 (hydroxyl) hydrogen bond can be thought of 
as tying these sheets to one another. The positions for the hydrogen 
atoms, including those involved in these bonds, have been computed 
on the assumptions that C-H = 1 .09A, N-H = 1.01 A, 0-H = 0.97 A, and 
that the angles of their bonds are close to tetrahedral. 
One of the main characteristics of serine is the relatively 
large number of different types of H-bonds which can be found. 
Recently, Schroetter et al. (1985) have postulated the possible 
existence of C-H ... O hydrogen bonds in the solid state. Masamura 
(1987, 1988) used a computational procedure to determine the 
optimized structure of serine. His conclusion is in agreement with 
the early work of Shoemaker (1953). Van Alsenoy et al. . (1988) 
performed a conformational analysis of serine. They were able to 
design fourteen conformations with significantly different features 
but similar energies. They concluded that H-bonding was an 
important factor determining conformational stability in serine. 
Simultaneous H-bonding between different groups in the molecule 
may form bi-, tri-, and tetra-cyclic systems. 
The crystallographic data reported here refer to DL-serine 
crystals, that is a solid mixture of the D- and L-forms. These two 
forms are stereoisomers. Due to the presence of an asymmetric 
carbon in the serine molecule, it is possible to design two non 
superimposable configurations symmetric about a plane (like an 
object and its image in a mirror). The two configurations exhibit 
similar chemical and physical properties except optical properties. 
The presence of only one form in the crystal should impose new 
geometric constraints and as a result the crystal structure of L-
serine may differ considerably from those of DL-serine. 
Unfortunately, I did not find in the literature any crystaHographic 
data on L-serine. However, the information on the hydrogen bonds 












• Carbon 0 Nitrogen 
• . Oxygen 
Figure 1-2: Bond dimensions in DL-serine crystals. Dashed 






{O 1 O} x 
Figure 1-3: The monoclinic structure of the unit cell of DL-
serine. (Shoemaker, 1953). 
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2- SOLUBILITY OF L-SERINE IN WATER/METHANOL SOLUTIONS 
2-1 Experimental procedure 
Distilled water was used in all experiments. ACS-grade 
methanol was purchased from Fisher Scientific. L-serine was 
provided by Ajinomoto Inc. and was used without any further 
purification. 
A known volume of methanol was mixed to a known volume of 
water in a 20 ml vial. An excess of L-serine crystals was added, 
then the vial was sealed with a stopper and placed in a water bath. 
The temperature was controlled by a Precision Circulating System 
to ±0.05°C of the setpoint and was measured with a calibrated 
thermometer. The slurry was heated 10°C above the desired 
temperature for an hour, cooled to the desired temperature and 
allowed to equilibriate. Twelve hours later, samples were removed 
and filtered through a 0.45 µm glass fiber filter. The amount of L-
serine in the filtrate was determined by HPLC analysis. The pH of the 
solution was at the isoelectric point (pH=5.68). 
Table 2-1: Solubility of L-serine in water/methanol 
mixtures at 10°C and 30°C. 
Methanol L-ser L-ser 
vol.% g/100ml g/100ml 
T =10°C T=30°C 
0 22.715 39.404 
1 0 18.902 33.039 
1 0 19.055 33.897 
20 11.576 24.380 
20 11.592 24.276 
30 5.951 16.900 
30 6.879 16.874 
40 3.957 9.259 
40 4.453 8.643 
60 1.637 2.748 
60 1.970 2.493 
80 0.838 0.962 
80 0.864 0.969 
100 0.592 0.701 
100 0.708 0.705 
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2-2 Results and discussion 
The solubility data of L-serine in water/methanol mixtures 
were obtained over the range 0 to 100°/o methanol (vol. o/o) at 10°C 
and 30°C. The data are summarized in Table 2-1 and shown in Figure 
2-1. 
According to the pH of the solution, amino acids can be present 
within a solution in acidic, basic or zwitterionic form (Figure 2.2).lf 
the pH is less then the isoelectric point, the following equilibrium 
is established between the acidic (A+) and zwitterionic (A±) forms: 
(A±) (H30+) 
K1 = (equ. 2-2) 
(A+) 
pH "' pK1 + log (A±) (equ. 2-4) 
(A+) 
If the pH is greater than the isoelectric point, the basic (A-) and 
zwitterionic forms are in equilibrium as follows: 
(A-) 
pH= pK2 +log ± (equ. 2-8) 
(A } 
K 1 and K2 are the equilibrium constants. pK1 and pK2 are the 
ionization constants for the acidic and basic forms respectively. 
Equations 2-4 and 2-8 are known as the Henderson-Hasselbalch 
equations. They relate the relative concentrations of the species in 
solution with the pH. Utilizing equations 2-4 and 2-8, the 
magnitudes of the acidic, basic and zwitterionic forms with respect 
to the pH of the solution have been calculated. The ratio of existence 
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Figure 2-1: Solubility of L-serine in mixtures 
of water and methanol. 
During the solubility measurements, the pH of the solution was 
near the isoelectric point. As a result, L-serine was present in the 
zwitterionic form (figure 2-3). The molecule has no net charge. 
However, it behaves as a strong dipole in solution. The amino and 
carboxyl groups are hydrophilic in character. They constitute the 
polar "head" of the amino acids. On the other hand, the side chain of 
an amino acid can be either hydrophobic or hydrophilic. L-serine 
belongs to the last category. This can explain its relative high 
solubility in water. The solubility is temperature and pH dependant. 
It is also strongly influenced by the nature of the solvent. When 
methanol is switched from water, the solubility of L-serine 
drastically changes as shown in Figure 2-1. Let us define the 
relative solubility of L-serine by the ratio of its solubility in a 
mixed solvent system to its solubility in water at the same 
temperature. Figure 2-4 shows the variations of the relative 
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Figure 2-3: Dissociation curve of L-serine. 





Orella and Kirwan (1989) have studied the effects of different 
aliphatic alcohols on the solubilities of several amino acids. They 
observed that the magnitude of the change is smaller for amino 
acids with a non-polar side chain than for those with a polar side 
chain. Therefore, alcohols would be better crystallizing agents in 
terms of yield for amino acids with polar side chains. The data for 
serine is an illustration. The relative solubility is reduced by two 
orders of magnitude. The reduction factor seems to be the same at 
10 and 30°C. The molecular interactions between the solvent and the 
polar groups of L-serine lead to a change in the solubility. This 
change can be explained in terms of solvent composition dependance 
of the activity coefficient of the solute. The estimation of solubility 
change depends on the ability to predict activity coefficient. 
Unfortunately, there is so far no recommended expression to 
correlate activity coefficients of amino acids. The difficulty resides 
in the complex behavior of these systems in solution. They exhibit 
1 3 
chemical properties similar to those of weak electrolytes 
(dissociation in acidic, basic or zwitterionic forms), combined with 
different types of interactions with the surrounding (ionic, polar, 
dipolar or non-polar). An attempt in deriving solid-liquid equilibria 
expression suitable for amino acids has been made by Nass (1988). 
The activity coefficient is separated into two independent terms, 
one arising from chemical interactions and the second from physical 
interactions. The chemical term is modeled by chemical theory while 
the physical interactions are accounted for by a form of the Wilson 
equation. Orella and Kirwan (1989) provide a review of the methods 
that can be employed in order to correlate the activity coefficients . 
• sol. in mixed solvent • Relative solubility = sol. in water 
0 
• {sol. in g/1 OOml) 
0 
0 
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Figure 2-4: Relative solubility of L-serine. 
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3- GAS CHROMATOGRAPHY ANALYSIS 
The objective of this section is to develop an experimental 
procedure to analyze the residual amount of methanol in L-serine 
crystals. Gas chromatography (GC) has established itself as a 
classical method for methanol analysis. However, two major 
problems have to be overcome in our case. On one hand, very dilute 
solutions have to be used to minimize the problems associated with 
L-serine crystals inside the column of the GC. On the other hand, the 
detection method has to be very sensitive in order to detect at such 
low levels. After having demonstrated that a thermoconductivity 
type detector was not appropriate, we decided to use a flame 
ionization detector (FID). 
3-1 Experimental procedure 
The analyses were conducted on a Varian-3700 gas 
chromatograph with flame ionization detector. The separation was 
accomplished using a 6' x 1/4" glass column packed with Porapak Q, 
80/100. The following settings have been retained. They insure 
reasonable analysis time, good resolution and sensitivity. 












40 ml/min (Helium) 
240 ml/min 
60 ml/min 
To avoid discrepancies in injection volume, an internal 
standard has been used in the sample preparation. Ethanol was 
chosen as internal standard. 100 µI of a 1 o/o vol. ethanol solution 
were mixed to 1 O ml of the solution to be analyzed. 0.5 µI of the 
resulting mixture were injected for GC analysis. 
3-2 Typical chromatograms and calibration 
A typical chromatogram is shown in· Figure 3-1. The first peak 
to show up is air. The second and third peak are due to the methanol 
and to the internal standard (ethanol) respectively. Below the 
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chromatogram appear the results of the integration. The response 
factor can be deduced: 
R _ methanol area 
esponse Factor - int. standard area 
Standard solutions of known methanol concentration were 
analyzed and the response factor of each was calculated. The valu~s 
of the different concentrations and their corresponding response 
factors are reported in Table 3-1 and plotted in Figure 3-2. The 
concentrations are expressed in µg of methanol per ml of solution. 
Table 3-1: Response Factor-Concentration 










According to Figure 3-2, the response factor and the 
concentration are linearly related in the domain 0-2000 µg/ml. A 
linear regression of the data gives the following results: 
where 
R. F. = response factor 
C = concentration in µg/ml 
a1 = 0.10492 
b1 = 0.01107 
(equ. 3-1) 


















14.0659 0.227 32265 
2 10.0770 0.517 23115 
3 75.8571 0.973 174004 
TOTALS: 100.0000 229384 





Figure 3-1: Typical chromatogram from GC 
analysis (79.2 µg/ml of MeOH). 
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Figure 3-2: Response factor-concentration conversion 







4- HABIT OF L-SERINE CRYSTALS 
Interesting aspects related to crystals morphology of amino 
acids have been outlined by Zumstein and Rousseau (1989). 
Observations of L-serine crystals produced by different methods 
reveals that the conditions of crystallization affect strongly the 
shape of the crystals. Figure 4-1 shows the habit modification when 
two different crystallization techniques are used. Crystallization by 
cooling favors the formation of hexagonal crystals, while the use of 
methanol as precipitant gives a needle-like habit. 
hexagonal 






Figure 4-1: Habit change of L-serine crystals. 
To be able to explain this habit modification in terms of 
crystal surface structure, crystallographic data on L-serine are 
required. As mentioned before, only information concerning DL-
serine was found in the literature. Therefore, we decided to observe 
the behavior of DL-serine crystals in the hope of identifying the 
factors which would be responsible for the habit modification. 
4-1 Case of DL-serine 
DL-serine crystals were produced by cooling a supersaturated 
solution (7g of DL-serine in 1 OOml) from 50 to 10°C. They exhibit 
the same thin hexagonal blade shape as L-serine crystals obtained 
under the same conditions. Methanol was then used as precipitant 
agent in crystallizing DL-serine from aqueous solutions. 
Surprisingly, no modification of the crystal habit was noticed. This 
seems to indicate that in fact L-serine and DL-serine crystals differ 
considerably in structure. Also, the solubilities of the L- and DL-
1 8 
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forms are totally different and this is in accordance with the 
previous conclusion. 
4-2 Discussion 
In absence of data on the structure of L-serine crystals, our 
understanding of the mechanism of habit modification is quite 
speculative. We can draw the following conclusion: the relative 
growth of the faces of the crystal is strongly affected by the 
presence of methanol in the solution. We have demonstrated that in 
fact the hydroxyl group is responsible for the habit change. Ethylene 
glycol (HO-CH2-CH2-0H) induced the same modification of the 
morphology of the crystals. Two possible assumptions may be put 
forward, the OH-group may favor the growth of certain faces, and/or 
it may inhibit the growth of the others. The interaction of the 
hydroxyl group with a specific face may be electrostatic. A hydrogen 
bond would form with a nitrogen atom (because of the similarity 
between MeOH and the hydroxyl branch of the L-serine (Figure 4-2), 
and thus by blocking L-serine molecules from the crystals surface 











• Carbon 0 Nitrogen 
Oxygen 
Figure 4-2: Similarity between methanol and hydroxyl group of 
L-serine. 
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5- FUTURE WORK 
In the upcoming quarter, the projected work is as follows: 
- Crystallization of L-serine at different process variables 
• Influence of the cooling rate 
• Influence of the agitation rate 
• Influence of the methanol addition rate 
• Modification of the purification process (cooling 
and methanol addition will be considered as two 
distinct operations in the purification process, 
then these two operations will be combined) 
.. Characterization of the resulting crystals: 
• HPLC for determination of L-serine and 
impurities concentration 
• GC analysis for residual amount of methanol 
• Microscopic observation and photographs to 
determine the habit and the size of the crystals 
Solubility measurements of DL-serine in water. 
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